The present research is carried out on the issue that the BDS (BeiDou Navigation Satellite System) receiver exerts some vulnerability to CW (continuous wave) interference. The analysis on the interference mechanism of navigation signal is implemented based on the model of direct sequence spread spectrum communication system while the method of parallel code phase search is employed to simulate the capture capability of the receiver under CW interference. In the CST-MWS, the simulation was made for the coupling path and electromagnetic energy into the navigation receiver, concluding that the antenna functions as the major obtained coupling path. On that basis, the RF radiation interference experiment for the antenna of the BDS receiver was conducted in the semi-anechoic chamber. In addition, the RF injection interference experiment was made on the basis of the power coupler. The sensitive frequency band of the receiver under the interference was obtained through the experiment. Furthermore, findings are made that the ratio of the output power of the RF signal generator under the RF irradiation method to the output power with the RF injection method takes no variation with change of the interference frequency. Therefore, The RF injection method can be used instead of RF irradiation method under CW interference in order to gain simplified experimental equipment, which provides a more professional theoretical basis for anti-interference research.
I. INTRODUCTION
BeiDou navigation satellite system (BDS) is an independent navigation satellite system operated by China. The last GEO (geostationary earth orbit) satellite was launched on October 25, 2012. The signals of BDS satellites were transmitted on three frequencies at 1561.098 MHz (B1), 1207.14 MHz (B2), and 1268.52 MHz (B3) respectively [1] , [2] . Over the last decades, the number of the systems which utilize the radio magnetic spectrum, has been on an increase greatly, thus contributing to the crowded radio frequency spectrum significantly. Since the satellite signal harbors a very low signal intensity in the order of −120 dBm to −130 dBm on the surface of the Earth, the simple attack on the BDS signal appears to be the generator of interference or jamming.
Radio frequency interference (RFI), which affects the operation of the automatic gain control (AGC) and low noise amplifier (LNA) in the RF front-end [3] , [4] have contributed
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amongst the most disruptive events in the operation of a BDS receiver. There are a number of different approaches to mitigating part or the whole effects of RFI on the operation of the receiver. However, provided that the RFI is not cancelled in the duration of passing through the earlier modules, it can also affect the carrier and code tracking loops [5] , [6] , which results in the deterioration of all the GPS observables or in complete loss of lock in severe cases.
Among the different types of interference, CW and pulsed CW interference have been exerting strong adverse impacts on the received signal quality and the operation of the GNSS receiver eventually [7] , [8] .
Generally, the frequency of CW interference aims at the center frequency of the BDS signal, which has an effect on the signal bandwidth. In this aspect, Chinese scholars have found the existence of the threshold for the effects which this kind of interference exerts on the receiver's capturing ability. When the interference imposes greater power than the threshold, the receiver performance will drop sharply [9] . Borio proposed a theoretical model of receiver acquisition at the presence of CW interference [10] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Additionally, Balaei et al. further discovered that the effect of CW interference is of relevance to the spectral line of satellite signal [11] . Despite that an army of researches have been conducted on the performance of GNSS signals under CW interference, most of the them are carried on the GPS system. Meanwhile, few researches have been carried on anti-jamming ability of the Chinese BDS remains. A multitude of these researches are founded on the computer simulation [6] , [12] , [13] . However, with less higher fidelity, pure mathematics simulation test system still requires mathematical modeling of the whole system. Nonetheless, the research method costs less, considering that it does not need complicated hardware equipment.
Direct radiating electromagnetic interference to the target receiver causes the main damage route of CW interference to satellite navigation receiver. These interference signals enter the receiver mainly via three ways [14] - [16] . Firstly, in order to receive external information with the necessarily exposed antenna, the antenna is coupled, which accordingly allows the interference signal to enter the receiver through the antenna. The antenna coupling functions as the most direct coupling of the electromagnetic pulse to the receiver. For the purpose of the connection, heat dissipation and ventilation of the cable, some gaps are inevitably applied to the device. In some cases, the antenna effect will occur to these gaps, giving rise to a portion of the electromagnetic energy coupling into the receiver. That leads to serious interference to the internal circuit of the receiver, which is the gap coupling of the electromagnetic pulse. In addition, the receiver power supply line also serves as one of the coupling paths of CW interference signals, which is worthy of being explored in the future.
The first part of this paper introduces the basic common sense of BeiDou satellite navigation system as well as the research progress of the GNSS signals during the presence of interference. The second part describes the system in which the navigation signal is interfered. The parallel code phase search method is applied to simulating the receiver's capture capability under CW interference in Matlab. Meanwhile, the capture ability under different CW interference on the receiver is obtained. The third part illustrates the discussion on the CW electromagnetic energy coupling approach. The antenna of the receiver, the casing hole and the external cable are simulated in the CST-MWS. Besides, the main coupling path of electromagnetic energy is obtained. The fourth part offers the narration that the receiver is subjected to CW interference signal RF radiation and RF injection test in the laboratory, along with the analysis on the equivalence of the two methods. The last part is the main conclusions drawn from the previous sections.
II. ANALYSIS ON INTERFERENCE MECHANISM AND SIMULATION A. ANALYSIS ON INTERFERENCE MECHANISM
The B1 navigation signal of BDS is composed of ranging code and the navigation message, which are quadrature modulated in the two branches of I and Q on the carrier. For the B1 navigation signal from a satellite, the signal is expressed as follows:
wherein, I, and Q represent the I branch and Q branch respectively; S stands for the amplitude of the signal; P means the ranging code; D shows the data code modulated on the ranging code; f a offers the carrier frequency; ϕ denotes the carrier initial phase; the signal carrier frequency is 1561.098MHz.
According to the B1 segment interface file published by China BeiDou Navigation Office, the B1 signal ranging code rate of BeiDou system is 2.046 Mcps. The code length is 2046, and the M2 shift register chooses the output of the two storage units in the shift register. Following the two additions, an m-sequence equivalent to the M2 translation is output, and the M1 sequence is modulo-added in order for the production of a balanced gold code and truncated by one chip.
The signal of the BeiDou navigation system at the B1 frequency point is modulated by QPSK (Quadrature Phase Shift Keying Modulation). It is assumed that the time interval of the navigation data code information symbol is N D ; additionally, its corresponding information symbol rate is M d = 1 N D . One information symbol interval contains R ranging codes; the chip length of the ranging code is N c , and the spreading factor is H, then N D = HN c .
When the BDS receiver is subjected to narrowband interference, its center frequency is assumed to be f a and the bandwidth is B a . The power of interference is P a , The power spectrum density is δ 0 = P a B a , whose power spectral density over the signal bandwidth can be expressed as µ a = P a B (B is the receiver bandwidth). The interference power spectral density at the intermediate frequency of the receiver bandwidth is:
For B a B, sin c 2 is a constant number within the integration area, then
Figure1(a), (b) describe the power spectrum of the spreading code of BDS B1I without and under narrowband interference with 3 as the PRN number of the satellite. According to Figure 1 (a), it has the highest spectral value at the center frequency of 300KHz. Apparently, the energy is mainly concentrated at the center frequency. When the frequency of the CW interference contributes the same frequency as the signal carrier frequency, the interference frequency is meanwhile within the signal bandwidth, which will generate strong interference, thus affecting the receiver's capture of satellite signals and even blocking the receiver's RF front-end circuitry, as is shown in the Figure1(b). 
B. SIMULATION OF CAPTURING CAPABILITY UNDER CW INTERFERENCE
The capturing capability of the receiver under CW interference is simulated in Simulink. Taking the BeiDou-3 satellite as an example, the satellite performs the duty of a GEO satellite with an orbital height of 35,786 KM and a fixed point of 110.5 degrees east longitude. With the parallel code phase search acquisition algorithm adopted in the simulation, the literature [17] - [19] manifests that the parallel code phase search algorithm has fast calculation and strong capture ability for satellite signal acquisition. As figure 2 indicates, the input signal is multiplied by the generated local carrier to obtain two branch signals of I and Q. Fourier transform gives the performance on the branch signal. In the meanwhile, Fourier transform and negative conjugate transform are performed on the local PRN code. Finally, the two are multiplied, and then the result is filtered by Fourier transform and modular square operation in order to achieve the maximum value, which is used as the decision basis of the carrier frequency and code phase.
The sampling frequency of the signal is set to 14.2356 MHz, bandwidth to 2.5 MHz; the intermediate frequency is set to 4.123968 MHz. Consider that the frequency difference caused by Doppler is about 10KHz. The search range is set to −10000Hz to 10000Hz. The step size is 50Hz. The signal is searched 500 times. The capture integration time is set to 12ms. The PLL bandwidth of the tracking loop is 10 Hz. DLL bandwidth is 1 Hz. The correlator spacing is 0.5 chip. Figure 3 (a) explains the result of the receiver's acquisition of the navigation signal without interference.
The signal belongs to GEO3 satellite of BDS. As is shown in the figure 3(a), the signal is normally captured by the receiver. Besides, there are obvious correlation peaks in the figure. Figure 3 (b)(c)(d) reveals the results of the receiver's acquisition of the navigation signal under the CW interference with the powers of −85dBm, −80dBm, 75dBm individually. The interference signal frequency is 1561.1MHz. When the interference power enhances to −85dBm, the peak introduced by the interference appears at the main peak next to Figure 3 (b). When the interference power raises to −75dBm, the signal is completely submerged by the CW interference. In the meantime, the receiver cannot capture it, as shown in Figure 3 (d). According to these four figures, when the interference signal frequency is the same as the navigation signal frequency, the navigation signal shows extreme sensitivity to interference signal. When the strength of the CW interference reaches −80dBm, the receiver cannot capture the navigation signal according to the simulation result.
III. COUPLING PATHWAY DISCUSSION
The coupling path of electromagnetic energy into the internal circuit of the receiver is made up of the antenna of the receiver, the chassis aperture, the external cable, a shielded housing penetration, and the like. To analyze the main coupling pathway, the antenna of the receiver, the chassis hole and power cable is modeled in CST-MWS.
A. ANTENNA
In most cases, the BDS receiver antenna polarization mode is designed to be circularly polarized. Generally, the doublefeedpoint circularly polarized microstrip antenna, which has a complicated structure and is not conducive to microwave integrated design, is in need of adding a 3 dB/90 • phase shift network. In this paper, a single-feedpoint circularly polarized patch microstrip antenna is designed based on the cavity mode theory and meanwhile, the perturbation variation method is applied to the antenna of the navigation receiver. For the designed rectangular microstrip antenna model, the coaxial line feedback method is adopted for excitation. An excitation electric field is established between the ground plate and the patch. Besides, the upper and lower surfaces are regarded as electric walls.
The dielectric substrate of the antenna is made of a lossy material Rogers RT5880 lossy (εr = 2.2, tan δ = 0.001), of which the substrate size is 50 * 50 * 1mm. The patch is made of Teflon double-sided copper plate which is 36 * 36 * 0.015 mm. The feeder takes a domestic SMA coaxial socket and the operating frequency is consistent with the BeiDou B1 band (1561.09810 MHz). The established antenna model is shown in Figure 4 .
The bottom end of the antenna is connected to the ground with a 50 ohm load. Next, the plane wave is excited and the electric field direction is perpendicular to the ground with an electric field strength of 0.5 v. The simulation frequency is 1540 MHz-1700 MHz while the electric field strength is 0.5 v/m, which is vertical polarization. Figure 5 provides simulation results. When the irradiation frequency is 1.56 GHz, there is about 0.5 V voltage on the terminal load of the antenna. In fact, there is a matched filter circuit which follows the receiving antenna. Therefore, the antenna port reflection is smaller than the simulated model; as a result, the actual voltage of the terminal load is greater than the simulation model.
B. CASING HOLE SEAM
The area of the receiver under test is the far field of the radiating antenna; besides, the radiated wave can be approximated seen as the plane wave. The simulation model of the case of the receiver is established in CST-MWS, as is shown in Figure 6 . The size of the receiver mainframe is 191 * 183 * 67 mm. The internal module size is 130 * 90 * 40 mm. The display size is 24 * 60 mm. There are two USB ports under the display and the size is 12 * 5 mm. The LAN port size on the left side of the display is 15 * 5 mm. The left side of the LAN port is the power twisted pair interface, whose outer diameter is 12 mm. In addition, there are two coaxial interfaces of the antenna in the upper right corner of the host and the outer diameter is 12 mm. The lower right corner of the main unit locates the two-sided knob with 5mm in a side length. There are altogether six vents of 160 * 10 mm on the upper surface of the cabinet. The origin of the coordinate axis is located in the middle of the edge of the front panel of the cabinet. The V axis is parallel to the upper edge and points to the side of the power line. The U axis points to the rear panel, and the W axis directly points to the display screen above. The communication radio box material is considered to be an ideal material.
Set the plane wave source in the CST simulation software. The direction of propagation is vertical to the plane of the receiver's display screen. The direction of the electric field is perpendicular to the ground and the size is 0.5v/m. The simulation frequency is set to 1-2 GHz. The M, N points are set to measure the field strength inside the host. The coordinate of M point is (50, 0, −20), and the coordinate of N point is (50, 0, −40). Additionally, the simulation results are shown in Figure 7 Figure 8 . According to the comparison of the response voltage on the terminal line with the simulation results of the antenna load response in section III, part A, the voltage is much smaller than the load response at antenna port.
C. POWER CORD
As shown in Figure 9 , when the CST-MWS is used to establish the terminal load response model of the power supply line under continuous wave irradiation, the power line is 1.5 m long. The direction of the incident wave reveals the positive direction of the U-axis. While the direction of the electric field is parallel to the W-axis, the electric intensity is set to 0.5 v. Both ends of the twisted pair are connected to the load and DC power supply. The DC power supply voltage is 0 v and the internal resistance is 50 ohms. The simulation results are interpreted in Figure 10 . As can be seen from the figure, under the irradiation field of 0.5 v/m, the response voltage signal on the power line is 0.0016 v.
Based on the simulation results for the navigation receiver antenna, casing hole seam, and the power supply line, it can be seen that the strength of the interference signal introduced by the receiver antenna is much larger than the above two values under CW interference. Thereby, the method of injecting an interference signal at the receiver antenna port can be conducted, rather than irradiating the continuous wave.
IV. EXPERIMENT AND ANALYSIS
The signal broadcast by BeiDou Satellite shows weakness to the receiver of the user, which is affected by adverse environmental factors such as atmospheric ionospheric attenuation and building occlusion. The average intensity of reaching the ground is only −130 dBm. The low-intensity signal has certain influence on the reliability and repeatability of the experiment. During the experiment, the satellite navigation signal simulator, which can generate stable BeiDou B1 and B3 signals, is selected,. The two experimental methods of current injection and continuous wave irradiation were compared to evaluate the effect of CW interference on the acquisition ability of the navigation receiver. 
A. CURRENT INJECTION INTERFERENCE EXPERIMENT
The block diagram of the experimental system and hardware settings are interpreted in the figure 11(a) and (b) . The multi-system satellite navigation signal simulator generates the BeiDou B1 navigation signal. The RF signal generator generates CW interference. The signals output by the two are combined by the directional coupler, and then output through an adjustable attenuator. Finally, they were injected into the RF-end of the receiver. The corresponding software in the computer is applied to capturing the IF data for the future analysis and publishment. The directional coupler is used as the injection module, which avoids the influence of the reflected signal on the injection source. Meanwhile, the application frequency band can reach above 1.5 GHz, which satisfies the requirements for the navigation signal test. The output power of the navigation signal simulator is adjustable to suit the condition that the intensity of the simulated signal in the experiment is consistent with the intensity of the actual satellite signal. 
B. RF IRRADIATION EXPERIMENT
The CW interference irradiation experiment was implemented in a semi-anechoic chamber, which has a wall covering the absorbing material and a conductive floor. It can effectively simulate the ideal open field. The block diagram of the experimental system and hardware settings are illustrated in Figure 12(a) and (b) . The antenna radiating interference signal is 5m away from the receiver antenna. The antenna broadcasting navigation signal is 2.5 m away from the receiver antenna. The signal power which is generated by the navigation simulator is adjustable as that in the section IV, part A. The coaxial cable is adopted to transmit signals. The satellite navigation signal is first output by the navigation simulator to the transmitting antenna and then radiated to the antenna of the receiver. The RF signal generator generates the CW interference signal, which is amplified by the power amplifier and irradiated by the transmitting antenna to the antenna of the receiver. After the two signals are received, the receiver outputs data to the monitoring terminal to is serve as the determiner which decides the interference degree. The antenna, the receiver are located in the anechoic chamber while the navigation signal simulator, the interference signal generator, the power amplifier, and the monitoring computer are all situated outside the anechoic chamber, aiming to avoid unnecessary electromagnetic interference. Figure 13 interprets the relationship between the frequency of the CW interference signal and the threshold of the interference power of the receiver under the RF injection method. The interference threshold of the receiver is defined as the situation where the receiver loses lock and it is not positioned at this power level of the interference signal. As the figure shows, 1555MHz -1565MHz stands for the sensitive frequency band of the BDS signal under the injection experiment. The threshold value of the power level of the interference signal has the lowest value at this time, when the frequency of interference signal is close to the BDS B1 signal frequency. It indicates that the receiver is most likely to be interfered. When the frequency of the interference signal is outside the sensitive frequency band, the threshold of the power level of the interference signal is substantially maintained above −60 dBm, which demonstrates that the navigation terminal is featured by a certain anti-interference ability. When the frequency of the interference signal enters the BDS signal sensitive frequency band, the power level of the interference threshold will dramatically on the increase. Figure 14 displays the relevance between the frequency of the interference signal and the interference threshold under the RF irradiation method. It can be found that the RF radiation method and the injection method have the same sensitive frequency band with the consistent curve trend, as is shown in the figure 15. The equivalent relationship between the two methods is specifically explored below. In the RF irradiation test, the satellite signal power received by the receiver antenna can be calculated by using the free space Friis propagation model.
C. RF INJECTION METHOD INSTEAD OF IRRADIATION FEASIBILITY ANALYSIS
As far as they are concerned, P aN offers the output power of the navigation signal simulator; Q aN is the gain of the transmitting antenna of the signal simulator; Q M contributes the gain of the antenna of the receiver. L represents the distance and λ is the wavelength.
The interference signal power received by the receiver antenna can be calculated by the following ground reflection propagation model: Among them, P N represents the output power of the RF signal generator which generates CW interference signal. G N stands for the gain of the interference antenna. G M means the gain of the antenna of the BDS receiver, L is the distance; H N andH M mark the height of the radiation and receiving antenna; C refers to a constant. The signal to interference ratio of input signal receiving by the receiver is:
In the injection experiment, the insertion loss from the RF signal generator generating CW interference to the receiver is IL V . IL u represents the insertion loss from navigation signal simulator to the receiver. P 1 is the output power of the navigation simulator. Additionally, the power of interference signal output by the RF signal generator is P 0 . Then the signal to interference ratio of the signal received by the BDS receiver is:
ILv ILu (7) Since the model in which the receiver is interfered is the blocking interference model, in accordance with the simulation results in the third section, it can be known that the antenna in the radio frequency irradiation method reveals the main electromagnetic energy coupling path. Hence, when the receiver exerts the same interference effect in the RF irradiation test and the RF injection test, the signal received by the receiver harbors the same signal-to-interference ratio, which is:
In that the output power of the navigation signal simulator does not change in the irradiation method and the injection method. and P aN , P 1 are constant, the result is:
In comparison of the RF injection test method with the RF radiation test method, it can be found that in the case that the blocking interference causes the receiver to fail to locate, the ratio of the output power of the RF signal generator which generates CW interference signal under the RF irradiation method to the output power under the RF injection method does not contribute to any variation with the change of the interference frequency, which, accordingly, provides that the main electromagnetic energy coupling path of the continuous wave irradiation method works as the antenna of the navigation receiver. The experimental results confirmed the correctness of the simulation in the third chapter. On that basis, the RF irradiation method can be replaced by the RF injection method in the continuous wave interference experiment for the BDS receiver to gain the simplified experimental apparatus.
V. CONCLUSION 1. The BDS signal is susceptible to CW interference. When the frequency of the CW interference signal is consistent with the frequency of the satellite signal, the receiver is most susceptible to interference. In addition, the acquisition capability of the receiver is related to the strength of the interference signal. The greater is the intensity, the more difficult it is to capture the satellite signal.
2. Simulation helps find that electromagnetic energy is coupled into the BDS receiver through various means with the antenna as its main coupling path. The energy coupled into the receiver from the antenna is much greater than the cable and casing hole coupling.
3. In virtue of the RF irradiation experiment in the anechoic chamber and the RF injection experiment in the laboratory, findings are made that the ratio of the output power of the RF signal generator under RF irradiation experiment to the output power under RF injection experiment does not deliver any variation with the frequency in the two methods, which proves the correctness of the simulation results. Also, it demonstrates that the RF injection method can be committed instead of the RF irradiation method for experiments. 
